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ABSTRACT 
A study of man's immersion dose of ionizing radiation,including 
gamma, beta, alpha and neutron radiation, was initiated. In cohjunction 
with this study, monitoring equipment was developed for specific measure-
ments of the background and fallout radiation components. Emphas i s was 
placed on the three channel gamma energy analyzer. Radi at ion flux and air 
sample activity measurements were conducted utilizing the instrumentation 
developed under this contract and ava ilable sample analysis equipment. 
In addition, theoretical and experimental studi es 1-1ere conducted 
to determine a method for the absolute calibration of a sodium iodide 
scintillator with gamma energies ranging from 0.1 to l.O Mev. The comple-
tion of' these studies \\,.ill provide a much needed calibration device. 
The complet i on of the overall study program -vwuld provide an i nex-
pensive and r e liable gamma, beta, and neutron monitoring system capable of 
unattended operation at remote locations . In case of atomic att ack, a net -
work of these systems would allow· precise mapping of the fallout pattern 
so that emergency measures could be implemented. In addition to this impor-
tant objective , knowledge regarding the effects of chronic low--level expos ure 
t o ioniz ing r adiation would be increased. 
A program of fallout monitoring was conducted during the period 
October, 1961 to July , 1962, w-hich a l so empl oyed the gamma monitoring system 
designed unde r this contract. 
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I, INTROHJCTION 
In recent years much inf ormation has become available on the 
biological effects of radiation; maximum :permissible concentr at ions i n a i r, 
food and water; quantity and type of radiation emitted; the energy, half -
life and size of nuclides j and their :pt..ysical state , All this information 
has contributed to-w-ard the establishment of maximum :permissibl e radi ation 
exposures to ma.p.r. but the effective biological dose s t ill depends on many 
factors, some of them :poorly defined. 
As :part of the :pr oblems t o establish t he b i ological effect s of 
radiation, considerable speculation has evolved about the :!t hreshold n exposure, 
name ly, the l evel of ionizing radiation exposure be low which no ha rm is 
caused, Theoretically a:r.y dose lower than c1threshold1: would be expected 
to cause no effect , Howeve:.", the establishment of such behavior is dependent 
upon the sens itivity of the methods f or det ecting the effect , As more sensi-
tive methods become avail abl e, the :'threshold1: dose might well be lm":"eredJ 
even approach zero. There i s general agreement that genetic effects sho-..:  
a non-t hreshold behavior curve, i.e., ther e i s no r adiation dose below -w·hich 
genetic effect s would not be observed , Ther e is no agreement as to whether 
som~tic effects are threshold or non-threshold in behavior (1). 
As :part of the :probl em assigned to the Federal Radiation Council 
to study biological effects of radiat ion , many efforts are under.-i·ay to 
establish the best estimat e s of the harm r esulting f rom give n exposures 
to r adiat i on. It is convenient to cl assif y r adiation effects either as 
h igh l eve l (above 50 roentgens ) or low l evel -w·ith spec i a l interest devoted 
to t he r egion below about one roentgen , The eval uat i on of effects of 
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ionizing radiation at low levels, especially when the exposure extends over 
long periods of time, is much more difficult than evaluating high level 
radiation effects. There is no direct evidence on the effects of radiat:i.on 
under conditions of low-level long-term exposure. 
The most useful approach to evaluation of-low-level, long-term 
exposures, is to consider the background radiation to which mankind has 
always been exposed, then assume that additional exposure to double this 
dose will produce tv,r:J.ce as much harm. However, it is important to recognize 
that the more our exposure increases over background, the more uncertain w·e 
are about the effects. Essentially this means that if any amount of radiation 
produces harm, then the radiation from our natural environment, namely back-
ground radiation, must have been producing harm to mankind through the 
centuries. Available information on background radiation can therfore perhaps 
serve as the best yardstick. 
Since the beginning of time, man has been exposed to external 
radiation from cosmic rays and from naturally-occurring radioactive materials 
such as uranLliil, thor:i.mn and potassium-40 in the ground, air and structures 
in which he lives and works. Man has also been exposed to internal radia-
tion from radionuclides that occur universally in the body, for example, 
potassium-40, carbon-14 and members of the radium and thorium fam:i.lies. 
It is estimated that the typical radiation dosage from such natural sources 
is about one-tenth of a roentgen per year, amounting to about seven roentgens 
over a standard 70-year lifetime (2). It must be pointed out that_, in some 
areas of the world, in parts of India and Brazil, for example, the natural 
radiation exposure may be ~p to ten timeshigher. Population studies are be-
ing conducted to see if any effects can be detected. Such studies are most 
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difficult, however, beca~se one needs to have controlled populat ions for 
comparison; populations that have the same standard and way of living, the 
same nutritional plane, the same medical care, the same degree of inbreed-
ing. As yet, in these areas there i s no evidence that the backgrounds ten 
times higher than average are deleterious, but this does not mean that 
there are no affected individuals. It does mean that the number of individuals 
affected may be too small to be detected , 
A report of the S~bcommittee on Reorganization and International 
Organizations of the United States Senate, entitled 'cRadiation Research in 
the Life Sciencesr~ (3) , represents the activities on \.rorld-wide radiation 
research. The purpose of the compendium vms to explore the benef icial and 
harmful effects of radiation on living systems and on molecular systems 
important to life. 
A background survey was made ove r a large part of the Unit ed 
States by Solon, et al. ( 4), This transcontinental survey, conducted by 
personnel assigned to the New York Operations Office, United States Atomic 
Energy Commission, found the external environmenta l r adiation dose r at es in 
populat ed a r eas of the United States to r ange f rom 70 to 175 mrad/yea r . 
The measurements taken with a large ionization chamber we r e used to determine 
the r adiation l evels at diffe r ent geographical and t opological locat ions 
throughout the country. The results of this survey, alt ho'.lgh not highly 
quantitative, offer useful information. 
Through coope ration w-ith the National Nucl ear Energy Corrm1i ssion 
of Brazil, it i s r ecognized t hat the r e a r e t wo geogr aphical a reas i n Brazil 
with r el ativel y high background r adiation int ens itie s , one mo naz i t e , which 
averages a dose of 0. 5 r ad/year to about 50,000 inhabi t ants , and one a 
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mineralized volcano area which averages about 1.6 rad/year to a sparse popu-
lation. With the thought that such areas of pupulations might provide 
material for studying the effects of chronic low-level exposures, a Commis-
sion of Human Genetics has been created. 
Because the most urgently needed data are those obtained from man 
himself, the World Health Organization has been assisting with the planning 
of studies on large pop:llation groups living in areas of high natL<ral 
radiation (5). The W.H.O. report has placed special emphasis on the Karela 
and Madras monra:zJ..te regions of India, •../here the background radiation dose 
measures approximately 1.3 to 1.5 rad/yr f or about 80,000 peop~e. These 
populations thus receive 10 to 15 times as much ionizing radia-t.ion as most 
people and are estimated to be within the range necessary to double the 
mutation rate. 
In this connection, Webe r (6) has stated that the r adiological 
health program is moving deeper into the operational phase, as indicated by 
consistent downward revision over the past thirty years of the annual maxi-
mum levels of ionizing radiation considered permissible by the National 
Committee on Radiation Protection and other authoritative gro~ps . It has 
dropped f rom 60 rems f or workers occupationally exposed (in 1931-36) to 
30 rems (1936-48) to 15 rems (1948-58) to 5 rems at the present t:ime. Each 
downward revision has increased the responsibility of those concerned with 
the problems of protection f rom radiation. 
In conclusion, many studies have been conducted to measure a 
particular component of the background radiation, but t here i s no evidence of 
a comprehens ive study in which a number of the components of backgro·und 
radiation were considered simultaneously. 
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II • STATEMENT AND PURPOSE OF THE RESEARCH 
A. The Proolem 
The study of "background radiation has r eceived considerable atten-
tion, out a comprehensive investigation of all aspects, including "both 
natural and man-made sources of radiation at ground level is lacking . A 
study of these sources is necessary to accurately determine man's immersion 
dose of i onizing r adiation in the environment . Such studies may establish 
significant ratios "between the several components of what may oe loosely 
termed 11oackground.r:. 
In order to solve this proolem adequately, an instrumentation 
system of sufficient accuracy to measure the several components of the "back-
ground must oe developed. An important requirement i s the necessity of 
developing a reliable and inexpensive system, so that i t ca.YJ. oe produced 
in sufficient quantity t o make measurement of the radiation on a world-wide 
oasis economically feasible. 
B . Purpose of the Study 
The purpose 'of this study i s to determine q'.lantitatively the f our 
major components of the environmental immersion dose, viz., gamma, "beta, 
neutron and alpha radiation. It i s anticipated that a "better understanding 
of "background radiation will result from these studies and val:.1aole tech-
niques for the quantitative measurement of "background radiation will oe 
developed. 
c . Bac ke;rtDund - . 1 · . ~ • 
Ionizing radiation f rom oute r space , in t he f orm of cosmic r ays, 
was present long "before life itself "began on earth. Hm.rever, spontaneous 
emission of energy oy matter was not dis covered oy man until 1896. This 
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research project has been concerned with investigating the ionizing radiation 
produced by the above two processes. .Tvro major divisions of the background 
radiation have been logically made at the outset : cosmic and terrestrial 
radiation. 
l. Cosmic Radiation 
The term, cosmic radiation, is applied to all radiation of cosmic 
origin. Every second nearly 1018 cosmic-ray particles plunge into the 
earth's atmosphere from space. The overwhelming majority have a~ energy of 
about 5 x 109 electron volts. A very small fraction have energies of the 
order of 10
18 
electron volts. On the average, a primary cosmic ray 
travels through only about a tenth of the atmospheric blanket bef ore it hits 
an atomic nucleus. The collision produces a number of secondary particles; 
some are f ragments of the struck nucleus and others are created at the 
moment of impact. Many of these ':secondaries" strike other nuclei in the 
atmosphere, giving rise to still more particles, and so on. Thus, a single 
primary ray initiates a ushower11 of many particles . 
At each successive generation the energy of the particles decreases. 
10 I f the primary particles had energy on the order of 10 electron volts, the 
shower vill die out before it reaches the ground. The predominant particles 
from these showers are electrons, while mu mesons are the second most abundant. 
As they descend, the atmosphere scatters them. By the time the shower · reaches 
the ground it i s spread over a .wide area. The density of particles is 
great est near the center, the point whe re the primary would have hit i f 
there had been no collision . However, even at lar ge di stances from the 
center of the shower, there are enough particles to measure. A detector 
6 
wit h a sensitive area of one square meter will respond to a showe r of 10 




shower out to about 700 meters (7). There are several variables affectir.g 
cosmic radiation: 
a. Altitude - a dependence of cosmic radiation 
on altitude is shown in Figure 1. 












Barometric pressure . 
2. Terrestrial Radiation 
Until the work of the Joliet-Curies in 1932, who produced the first 
aritficial radioisotopes, the natural radioisotopes stood alone (10). In 
this study only naturally occurring radioactive materials and fallout have 
been considered as the major contributors to terrestrial radiation. 
Of the naturally occurring radioisotopes, only four (U-238, Th-232 , 
and their daughter products, .. K-40 and C-14) constitute the overwhelming bulk 
of natural radioactivity in the environment . The distribution of these 
i sotopes within the earth depends on their chemistry rather than on their 
1 
2 
The dependence of cosmic radiation on latitude was discovered by Clay (8) 
in 1927. This dependence, shown in Figure 1, is due to the variation of 
the earth's magnetic field with latitude. There is also a slight varia-
tion with longitude. 
Over the: normal range of barometric pressure, the intensity of cosmic 
radiation varies inversely . Attenuations result directly from the 
corresponding air density changes. The constant of proportionality is 
about one or two per cent per centimeter of mercury (9). 
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Figure 1 . The Effect of Altitude and latitude on Cosmic Radiation I ntensity . 
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nuclear properties. Their oxides are relatively low in density and thus 
occur in the crust of the earthJ rather than in its dense mantle and metallic 
core. It is estimated that one-half of the radioactivity in the earth lies 
within forty miles of the surface. This concentration signif icar-tly in-
creases environmental radioactivity above that due to cosmic radiation. 
Tne radiation from isotopes in the crust is rapidly attenuated as 
it passes through rock and soil. Most of the activity that makes up the 
environmental background originates less t han six inces below· the surface. 
The average surface concentration is on the order of two curies per square 
mileJ though values vary by a factor as large as five in diffe rent locations (10). 
The contribution to surface activity f rom nuclear testing has increased thi s 
activity by another 100 millicuries of Csl37 and 50 millicuries of Sr9° per 
square mile (11). In generalJ the more acid rocks such as pegmatites (12) 
and granites are more r adioactive than the alkaline basalts) and limestones 
which generally show lower radiation levels (13)(14). 
Through decayJ radon is produced and diffuses out of the soil into 
the atmosphere. For the purpose of this projectJ the variables affecting 
the diffusion rate are: 
a . Height 
b. Meteorology 
c. Location (city, country) 
d. Geology . 
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Figure 2 depicts the components of environmental radiation. 
Figure 3 constitutes a small segment of Figure 2. It illustrates the 
interaction of cosmic rays with the atmosphere. 
J 
r Cosmic Radiation I 












I Terrestria l Radiat ion J 








Figure 2 . Components of Environmental Radiation 
Figure 3 shows the origin and the mechanisms by which the cosmic 
r adiation is produced. It may be noted that a primary particle, usually 
a proton, collides with an oxygen or nitrogen nucleus in the atmosphe re . 
This event can result in the products shown on the chart and is called a 
showe r development. These products, if not st able, decay ~ccording to the 
schemes and mean lifetimes indicated . The end products of inter est wer e 
gamma rays, e lectrons and neutrons . 
The mechanism of neutron production from cosmic radi ation is of 
spec i al i nterest. Their production, as well a s their disappearance, i s 
indicated in the lower l eft-hand corner of Figure 3. 
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III . RESEARCH Al\TD DEVELOPMENT WORK 
A. The Gamma Detection System 
To measure man's immersion dose of gamma radiation, a detection 
system employing a sodium iodide scintillation crystal, a three ch~nnel pulse 
height analyzer, and the associated instrumentation f or continuous monitoring 
have been developed under this contract (15)(16)(17). The system divides the 
observed scintillatidns into three light intensity ranges. These correspond to 
the light intensities produced in the crystal by electrons undergoing the photo-
electric effect with a gamma photon. The three intensity thresholds in the 
present instrument correspond to energies of photoelectrons ranging from 0.1 to 
0.5 Mev, 0.5 to 1.0 Mev, and 1.0 to co Mev. 
Schematic and block diagrams of the complete gamma analysis unit 
are shown in Figures 4, 5, 6 and 7 .. 
Although plastic scintillators are cheaper than sodium iodide, their 
photoelectric cross section is too low in the gamma energy range under study 
to be of much value for energy analysis. Since absorption by the Compton 
effect is the predominant gamma interaction phenomenon i n plastic scintilla-
tors, the apparent energy of a given gamma photon will vary over a wide range. 
1. Design and Operation of the Gamma Detection System 
The three channel pulse amplitude analyzer and gamma ray detection 
system developed at Georgia Tech consists of four major parts. These are 
(i) the detection unit, (ii ) the three channel puls e height analyzer, 
(iii) the count rate circuit and recorder multiplex unit , and (iv) the power 
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(a) The Detect ion Unit consists of a two inch photomultiplier tube3 
optically connected to a Harshaw· Type 7F8 hro inch scintillation crysta14, 
These components, as shown in Figure 8, along with the necessary 
transistor preamplifier \orere assembled in a light-tight box for installation 
in any desired location. The light-tight box was constructed of plywood and 
surrounded with a thin copper foil to reduce electrical interference . 
The detection unit was connected to the other parts of the gamma 
analysi s system by 93 ohm coaxial cables and t~<Tisted pairs. An el ectrical 
interlock prevented opening the light-proof box with the photomultiplier 
high voltage on. 
The detection unit was temperature controlled and the e l ectronic 
circuits were temperature compensated to eliminate any errors in calibration 
from this source. No observable change (less than 1%) occurred for t empera-
ture variations bet·ween 0°C and 75°C J 1..rhich included all normal ambient 
temperature ranges. The s chematic diagram in Figure 5 shows the preamplifier 
circuit for this unit . 
(b) The Three Channel Pulse Amplitude A~al~z~ accepts pulses from 
the photomultiplier preamplifier and q_uantize s thes e pulses i nto three energy 
bands . A block diagram of the three channel analyzer, as used in the fallout 
monitoring progr am here at Geor gia Tech, is shmm. in Figur e 4. 
The theory of operat ion i s as f ollow·s. A signal f rom the photomul.ti-
plie r preamplif i e r is fed t o the input of the analyzer . The two input ampli -
fiers have been paralleled so that only one input is needed instead of the 
t wo as in the original c ircuit (15). 
3 
4 
Dumont type 6292 , manufactured by the Allen B. Dumont Laboratories J I nc. , 
750 Bloomfield Avenue, Clifton, New Jersey. 
Product of Harshaw Chemical Co., 1945 East 97th St., Cleve land 6, Ohio. 






The amplifiers feed three discriminator circuits each of which is 
set at a trigger level corresponding to some gamma energy. The input cir-
cuitry to these discriminators utilizes a unique diode arrangement to eliminate 
the problem of loading of the amplifier after a trigger circuit has been 
switched on. The outputs of these discriminator circuits go to a gating 
network where the correct energy range is selected. This range selection 
is accomplished by each gate being turned on by its associated trigger and off 
by the trigger having an energy threshold at the next higher level. 
The outputs from these gates are then fed to scalers which totalize 
each energy band. In addition, an overall total is obtained by feeding the 
output from the channel one discriminator to a fourth scaler. 
(c) The Count Rate Integrator and associated strip chart recorder5 
along with the sequencing relay and stepping timer,as shown in Figure 7) 
provide time multiplexed readout. This section provides a full cycle includ-
ing the sampling of channels 1, 2, 3, total and two calibration checks dur-
ing each 30 minute period. The output is recorded on a strip chart recorder 
for subsequent analysis. 
(d) The Regulat ed Power Supplies , shown in Figure 7, provi de the 
necessary power to the electronic circuits and multiplexing unit . A photo-
graph of the entire gamma analysis unit is shown in Figure 9. 
5 Model 8000-2200, Wheelco Recorder, a product of Barber-Colman, Co., 
Rockford, I llinois . 






B. Calibration of Scintillation Detector 
D"J.:ring a study of t he problem of calibrating the sodium iodide 
scintill~tor to measLXe th~ energy of incident; gamma radiation, several 
difficult ies were discovered . These d i fficulties may be explained by ex-
amining the three processes ot~ interaction involved in the conversion of gamma 
ray energy to light energy (see Ffg"j_re 10). The three processes inv olved are 
d'isc'.lssed below: 
(a) In t h e phot oelectric effect , the incident gamma ray inter-
acts -w-ith an atom and all of its energy is transferred t o an elect ron. T.t.e 
electron i s ejected f :i:·om i ts energy state w"ith a kinetic energy given by: 
K.E. = hV - ~ (l) 
where hv is t he t otal energy of the inc i dent photon and ~ i s the b inding 
energy of the e lectron . The electron ,;rhi ch i s ·2sually ejected is the one 
f rom the K-shell. The electron thus ejected "Ydll ... rander about the crystal 
l attice until it encou .. '1.ters a.11 imperfection i n the crystal. W:.11en i t en-
counters s~ch a defect, i t may drop into an unfil.led s hell of the associated 
atom, giving off light energy in t he p r oces s. The electron may al so expend 
its energy in s ome ot he r non-nuclear process, possi b l y in the f orm of 
thermal ene rgy. The b inding energy of the electron in the original at om 
i s small wit h res pect t o t he energy, h v . Therefore , f or the photoelectri c 
effect, a. good output light energy versu.s input: gamma. energy exis t s f or 
gamma r ays having h v >> ~. J n p racti ce, photoe l ectric absorption of gamma 
radiation is important only f or ene rgies less than l Mev, and more f or 
ab s orbe r s of high atomi c number . An approx imation to t he p robability of 
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Figure 10 . Cross Se ction of Sodium I odide Corrected for Coher ent 
Sca ttering . 
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p ::;:: k X 
P = probability of occurrence 
n · 3 for low energy gamma rays 
n = 5 for high energy gamma rays 
Z = atomic number. 
(b) In the Compton effect, the primary phot on (gamma ray) may 
interact with any electron, but not all the energy is transferred to the 
electron. The most probable interaction is with the valence, or very 
loosely bound, electrons. Essentially, the interaction may be considered 
as an elastic collision between the primary photon and the electron. The 
result of this collision is that the energy and momentum of the primary 
photon is shared between a secondary photon of energy h~ and a recoil 
electron. An approximatiqn of the Klein-Nishina formula (18) for the 
probability of Compton interaction is given below, although a w~ch more 
rigorous treatment of the Compton effect is presented later. 





This division may occur from zero energy transferred to the electron 
up t.o s ome maximum energy less than the energy of the incident photon . 
(When the maximum energy is transferred to the electron, the scattered 
photon recoils in the opposite direction to the travel of the r ecoil 
electron). The recoil el ectron then falls into a lattice defect in t he 
same manne r as does a photoelectron, emitting light in the process . In the 
Compton process, however, the energy of the incident photon has no direct 
correspondence to the energy of the recoil el ectron. Thus, no q~titative 
-24-
energy analysis of random energy gamma photons is possible usi~g conven-
tional techniques in the energy range where the Compton process is significant. 
(c) The t -hird process of interest is pair production. In this 
process a gamma ray possessing energy greater than E . = 2 m c2 may cause m1n o 
a positron and an electron to be produced in the coulomb field of a nucleus. 
The total kinetic energy of the pair will be: 
K. E. 
2 2 m c 
0 





Therefore, pair production cannot occur for a gamma quantum having 
energy less than ~ 1.02 Mev. The electron resulting from this process will 
have a kinetic energy slightly less than the positron since the posit ron is 
repelled by the coulomb field of the associated nucleus, while the electron 
is attracted. The electron will have energy approximately given by (but 
1 2 
slightly less than) E =- (hV -2m c ). As in the case of 
electron 2 o 
the other processes, the electron may fall into a lattice defect causing 
fluoresence of the scintillator.. After the positron loses its kinetic energy 
to the lattice, it becomes annihilated with an electron. This interaction 
generates two (or possibly more) photons which travel in opposite directions 
(in the case where two phot ons are generated), each having K. E. = m c2 , 
0 
or K. E . ~ 0. 51 Mev. These photons may again interact with the scintillator . 
Pair production, like the Compton effect, does not release the full energy of 
the incident photon (gamma ray) and thus this process is not suitable as a 
di rect measUrement of the energy of the incident photon. As may be seen from 
equation (6) the probability of pair production increases with the atomic 




x Z (E - 1.02) (6) 
The problem of cali.brating a scintillation detector as an energy 
discriminator becomes obvious when one considers that in the range of 
interest (0.1 Mev and up) the three processes overlap. 
As an example, consider a 0.5 Mev gamma incident on the scintillator. 
According to Figure 10, the probability for a photoelectric interaction as 
compared "V'ith the total probability of interaction is P = 0.18 and the 
probability for Compton interaction as compared ·to the total probability of 
interaction i.s P = 0.82. Obviously, the Compton process predominates and 
yet it is only possible to obtain an accurate indi.cation of photon energy from 
the photoelectrons. The electrons accelerated by the Compton effect may 
have kinetic energy from zero up to some maximuril less than the 0"5 Me-v- incident 
gamma, Hm,rever, the scintillation detector is 'Useful for isotope identifica-
tion because a standard sample can be used for calibration and one can observe 
a photoelectric peak with an analyzer. With this known spectrum an unknown 
sample can be evaluated by comparison. 
However, there is no such '1standard'' w:tth vrhich to compare a back-
ground spectrum. The spectrum obtained on single or multi-channel a:..11alyzers 
has a photopeak vrhich corresponds di.rectly to the energy of the photons 
emitted from the samples. The remainder of the n spectrumu1 presented on tbe 
output comes from Compton shifted photons and/or pair production. Of course, 
these last tvo conversions are not useful for direct energy analysis. 
A thorm~gh st\ldy has been made to determine a method of overcoming 
this problem and the proposed method is described in the follmring section. 
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C. Compton Shift Eliminator Study 
It has been shown that it is not feasible to determine the energy 
distribution of background gamma flux by the use of a single detector . 
There is no technique with which to determine whether a pulse of a given height 
resulted from a photon producing a photoelectric effect, in which case the 
pulse height would be proportional to the gamma ray energy, or from a photon 
which had some undetermined higher energy undergoing Compton scattering or 
pair production. Since the last two events predominate over the photo-
electric effect over most of the gamma energy band, the pulse height informa-
tion from a Nai crystal is almost useless f or determining the actual energy 
distributions of cosmic radiation. 
To overcome these difficulties, a system is proposed which will 
disregard most of the pulses resulting from gamma reactions other than the 
photoelectric effect. The reaction of main concern is the Compton effect. 
In the Compton effect, part of the gamma ray energy is absorbed by an 
electron in the Nai crystal and the remainder may escape the crystal in 
the form of a scattered photon. It may be assumed that the maximum scatter-
ing angle i s not much greater than 90 degrees and that the probabilit y for 
scattering at greater than 90 degrees is low. Under these assumptions, 
photons which do scatter at greater than 90 degrees will have lost so much 
energy in the process that they would probably undergo a photoe l ectric 
reaction bef ore escaping the crystal. Thus, the desired result would be 
obtained anyway. 
In the proposed scheme, a shielding scintillator would surround 
the Nai and a lmost all of the scattered photons which escape the Nai would 
enter the shield surrounding the sides and bottom of the c~rstal. 
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This shield would be of suffi cient thickness to insure a very good probability 
of some sort of light producing interaction with the scattered gamma rays. By 
observing both the shield and the Nal with separate phot omulti plier t.·.;_be s and 
rejecting all time coinciden"'~ pulses from the tc,..,-o t·:Abes, one e:'fee::tively 
rejects most of Compton pulses from the Nal detector. This interacti.on can 
also take place in r everse, i.e., the scattered phot on going from the shi eld 
into the Nai. How-ever, these pulses are still coincident and therefore will 
be rejected. This system wo...ad eliminate many of the pai!"' production palsesJ 
a l t hough l aboratory studi e s have show--n that t here are not many backgro-..J!ld 
photons of sufficient energy for pair product ion. The pulses remaining after 
coincidence eliminat ion would consist principally of phot oelectric pul ses 
and may be pu~se height anal yzed for gamma ray ener gy . 
The ove r all coun-ting rate v.ro·_;_ld be r educed, but most of the counts 
lost would have prodvced Compton shifts in the Nai scint illator and therefore 
would have been usel ess from an energy measurement standpoint . 
A theor etical study has been made utilizing the Klein-Nishina f ormula 
(18) for the differential cross section per elec-t-.ron. 
The differential cros s section per ele~tron a s given by "Davi s son ( 19) 
and Siegbahn ( 2 0) and Ne lms ( 21) i s : 
where 
2 
d\jl r ( .§. )2 Es 2 0 (;i s in e) dn. - 2 + - -E E 
\jr i s the Compton cross section, 
_()_ represents solid angle, 




= ~' the cl assi cal r adius of t he elect r on, 
m c 
0 
e ! ~ E/[1 + e (l- cose )] 
J 
E = hv/m c
2 
0 ' 
hv i s t he energy of t he i.r.cident phot on ( gamma ray) , 




An analytic integration of the above equation was made to check 
the results obtained from the references (19)(20)(81) which did not agree. 
The correct results were found in the papers by Davisson (19) and Nelms (21), 
The differential cross section integrated over all values of e and ¢; i.e.J 







Equation (7) was in-tegrated over different sets of limits to deter-
mine the per cent of the photons that would be scattered over the vario~s 
values of B, Figure ll il.lustrates the geometry. 
A change 
f(El)== 
which is equ.ation 
Geometry of Compton Interaction 
Figure 11 
of the variable of integration of equation 
2 I )2 sin2 e) r 7r sin e (~ (~, + E 
0 E E E 
e-n integrated over all values of cp, 
( 7) gives 
(9) 
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A computer program was written for equation (9) utilizing Simpson's 
r-J.le to evaluate the definite integral: 
7T J f(e)c1B 
e 
a 
for values o:: e -· 7T/2; 27T/3 and 37T/4 
a 
This integral was eval·J.ated for energies ranging from 10 Kev to 
(:!.J)) 
100 Mev to obtain quantitative results on the numbe r of photons that would be 
scattered between the s tated values of e over the energy range of 10 Kev to 
100 Mev. 
The curves in Figures 12 and 13 show the per cent of the inter-
acting photons which undergo the Compton effect and scatter at angl es of e 
greater than 1r/2 and 37T/4, respectively, for various energies. It may be 
observed from Figure 1.3 that for photons v ith an energy of 0.1 Mev, only 
14 o 6% of those 1.mdergoing the Compton effect will be scattered more than 
e == 37T/i+ o At this energy about 7 , 8% of the interacting gamma r adi ation under-
goes the Compton e::'fect. Therefore, a Compton eliminator system v ith a 
shie ld around 10.7 ste!'ad.ians - ecr~ivalent to e == 37T/4 - ·;.1ill eliminate all 
but 14-% of the 7 o8% i nitially interacting via the Compton effect o Therefore, 
over 98% of the obs;=;rved interactions wo-:...'.ld be. photoelectric ahd useable for 
e nergy analys:i.s . The pe r cent o:f the photons inte r act ing by Com;pt:;n eff ect 
compared to the total intem.cting may be calculated from the data pre.sen-::.ed. 
in Figure l.Oo 
As another example, conside!' a photon energy of 1.0 Mev. For 
e 37T/4; a Compton e liminator By stem ';,muld e liminate all but approximately 
7. 4% of photons undergoing the Compton effect .? thus bringing t h e effective 
Compton cross section for si~glf: inte r actions into t he range of the pho-~.o-
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likely to undergo several interactions each of wnich dec r eases thei r energy 
and thus increases their absorption cross section, the overall probability 
for total energy absorption of an interacting gamma photon is much better 
than the preceding thin target analy~is would reveal. Theref ore , the 
Compton eliminator shield, in conjunction with a t hick Nai crystal ) w-ould 
yield quite useful energy inf ormation in the r ange of interest. 
D. Experimental Compton Eliminator Assembl y 
Studies utilizing t he theory de:scri bed above have been .conducted 
using experimental apparatus constructed at this laboratory. A photograph 
of the assembl y is shown in Figure l4. The initial expe riments made 1-rith 
this apparatus have not produced the expected results. 
It is postulated that the expected result s were not produced because 
of the inade quate optical or detection eff iciency of t he shielding system. 
Howeve r the 5-in x 5-in plastic scintillator was the only l a r ge detector 
available, and time and f unds did not permit the procurement of a scintill a -
tion crystal w-ith the effici ency r equired f or t his application . A more 
elaborate system, including a Nai shield detector, i s proposed f or future 
experiments .' 
E . Neutron and Beta Monitoring Systems 
The neutron and beta detection systems were de scribed in a previous 
prog~ess r eport (17). These systems were not completed due t o increased 
effort directed toward completion of the gamma monitoring system in t ime f or 
use in the fallout monitoring progr am. The neutron monitoring unit was com-
pleted but f ina l testi ng could not be accomplished . The beta detection syst em 
progressed t o the development stage, but l ittl e construct ion could be under-
t aken in the time allotted. 
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Figure 14 . Experimental Compt on Eli minat or Assembly and Single Channel 
Gamma Ana lyzer . 
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Dl. MEASUREMENT OF FALLOUT RADIATION 
A. Scope of Services Performed 
Careful and continuous studies have been conducted to measure the 
total flux density of the environmental background and to determine the 
activity of fallout particulates on the roof of the Civil Engineering Building 
at the Georgia Institute of Technology, Atlanta, Georgia. To assist the Divi-
sion of Radiological Health's National Surveillance Network Program and to 
respond to the public health scientific needs created by the fallout from the 
Soviet weapons tests in the fall of 1961, the existing research program6 on 
the development of low-level background detection underwent a change of direc-
tion to emphasize and continue work on radiation measurement activities. The 
change of direction in October 1961 resulted in the following major objectives: 
(l) The Measurement of Background Gamma Flux Density 
Qualitative determination of the gamma background is achieved 
by the measurement of the flux in three energy ranges. 
(2) The Analysis of Alpha and Beta Kctivity of Fallout Particulates 
At the time that the decision was made to participate in the 
Surveillance Network Program the three channel analyzer had just been com-
pleted and was undergoing trial runs. There was no time to determine the 
efficiency of the gamma detection system for photons of various energies. The 
e~uipment was initially operated manually, but during December 1961 the problems 
associated with automatic recording of the three channel spectrum were 
resolved successfully. Two air filter systems were obtained to carry out 
Research Contract SAph 76183 between the Division of Radiological Health, 
U.S.P.H.S., Washington 25, D.C. and the Georgia Institute of Technology, 
Atlanta 13, Georgia. 
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measurements of fallout particulates. One of these was an automatic filter 
tape air sampler7, -w·hich employs a continuous membrane type filter tape from 
which the one incn samples were prepared. The other air sampling device is a 
Gast ·rotary type vacuum pump combined with a Millipore filter head which 
accommodates two inch filter samples. The Nai scintillation probe of the 
thre~ channel gamma analyzer and the two air filter .systems were located on 
the roof, while the requisite instrumentation was located in the nuclear 
counting laboratory on the top floor of the same building. · Continuou.s read-
out of the three channel gaffima analyzer has already been mentioned. On 
March 1, 1962, the tape sampler was modified with a G .. M.tube as shown in 
Figure 15, in order that each sample could be counted automatically while · still 
on the tape, and if ne_cessary, could be removed immediately for further labora-
tory analysis. The modification of the tape sampler included the mounting of 
an end window G.M. tube 2 mm from the filter tape. An automatic: sequencer 
8 unit was designed to operat e the tape sampler in conjunction with a scaler 
and a printing timer9 . Air was forced through the filter tape by a vacuum pump 
for a predetermined time interval. The sample was then moved under t he G.M. 
tube and counted for a predetermined ~umber of counts . It was planned t o 
perform a correlation to determine the ratio of efficiencies betveen count-
ing the samples in this manner and counting in a mic romil gas flaw~ G. M. 
10 




Mode l M Hi-Flow Tape Sampler, manufactured by the Research Appliance 
Company, Allison Park, Pennsylvania. 
Model 186 P, manufactured by the Nuclear Chicago Corp . , 333 East Howard 
Ave ., De s Pl aines , Illinois. 
Model C-lll, Printing Timer, manufactured by Cl ary Corp., San Gabriel, 
California. 
l O Model C-llOB, manufactured by the Nuclear Chicago Corp., 333 East 
Howard Ave. , Des Plaines , Illinois . 
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Fi gure 15 . Automatic Air Sampli ng Uni t 
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eliminated sample preparation time, except when an exceptionally active sample 
was found which could be subjected to delayed laboratory analysis. However, 
a continuous maintenance problem was created as the result of dust leaving 
the tape and contaminating the G.M. tube. At the end of the project, a 
mechanical modification was under way to alleviate this problem. It was 
planned to hold the tape down to a backing plate with a slight vacuum applied 
through the backing plate under the G.M. tube. 
B. Details of Instrumentation Employed 
(l) Total Gamma Dose by the Three Channel Ana1yzer 
To facilitate the measurement of man's total immersion dose of 
gamma radiation in the environment, a transistorized three channel gamma 
analyzer has been designed, utilizing a 2-in by 2-in Nai scintillator11 . This 
particular analyzer was developed at this laboratory and employs real time 
pulse amplitude analysis as compared to pulse height to width conversion 
techniques employed in the slower, multi-channel analyzers. This unit 
quantizes the background radiation into three energy levels, e.g., 0.1 to 
0.5 Mev.; 0.5 to 1.0 Mev.; over 1.0 Mev. Photographs of the gamma analysis 
unit are shown in Figures 8 and 9. Changes in the counting rate of the 
high energy channels indicate a change in the cosmic ray background, whereas 
changes in the counting rate of the lower channels, if unaccompanied by 
changes in the high channel, indicate a change in the radiation flux derived 
from fallout. Since the detector efficiency is energy dependent, this 
energy quantization allows a much improved measure of ionizing background 
flux as compared to other means of survey measurement (e.g., geiger counters, 
etc.). 
ll Nai crystal, type 7F8, manufactured by Harshaw Chemical Co., 1945 E. 47th 
Street, Cleveland Ohio. 
-38-
When completely developed, this unit will be capable of unattended 
monitoring at remote locations. It will trigger an alarm at a preset level 
to warn of dangerous radiation levels and through energy discriminations the 
unit will provide some indication of the source of the radiation. 
The inf'ormation derived f rom the pulse analysis system was time-
multiplexed onto a strip-chart recorder for subsequent processing. 
(2) Particulates from One Inch Millipore Filter Samples 
The nominal l-inch f ilter samples (true diameter l. 6 em) w·ere 
initially collected over a one, two or three hour period by the Hi-Flo Tape 
Sampler using continuous Millipore tape, t ype WS with a pore size of 3.0 
microns. After December 1, 1961, the sampling period was three hours. The 
tape was removed f rom the s ampler every t hree or four days and the individual 
samples were glued to l-inch diameter aluminum planchets. The samples were 
12 then counted f or beta emission in a gas f low counter using Q gas The 
counting equipment consisted of two scalers13, two automatic sample changers
14
, 
and two printing timers15 . Co~ting time for each sample ranged f rom 15 to 
300 minutes. A photogr aph of the counting l aboratory and s ome of the equipment 
employed in this work i s shown in Figure 16. 
( 3 ) Particulates f rom Two Inch Millipore Filte r Samples 
The nominal 2-inch samples (actual diameter 3.46 em) were collected 





Model D-47 Gas Flow Counte r , manufactured by Nuc l ear Chicago Corp. , 
333 East Howard Ave., Des Plaines, Illinois . 
Model 186 P Scaler manufactured by Nuclear Chicago Corp ., 333 East 
Howard Ave., Des Plaines, Illinois. 
Model C-lll and C-110 Time Inte rval Print e r s, manufactrtred by Clary Corp., 
San Gabriel, Cal ifornia. 
Model C-110-B Sample Changer, manufactured by Nuclear Chicago Corp., 333 
East Howard Ave. , Des Plaines, Illinois. 






a pore size of 0.45 micron (the early samples were taken on type AA, 0.80 
micron filter discs). The filter apparatus is a Gast Rotary Air Pump with 
a Millipore, Aerosol Open Type, filter holder. The dust samples were glued 
to 2-inch stainless steel planchets and counted in a Proportional Counter 
Converter
16 
using P-10 gas for alpha-beta discrimination. Two Model 183 
scalers17 were used in conjunction with the proportional counter. Each 
sample •ms counted for at least 15 to 20 minutes. 
C. Presentation of Data 
In the tables and graphs presented in two interim reports (22)(23), 
the data collected from October, 1961 to July, 1962 has been compiled to show 
the counting rate in terms of counts per minute, as well as the activity 
expressed as ~~c/cubic meter of air. The activities have been corrected for 
eff iciency, which was f ound to be about 20% for the one inch nominal s ize 
samples and about 30% f or the two inch nominal size samples. 
1. Efficiency Calculations for l-inch and 2-inch Diameter Air 
Samples 
Counting eff iciencies of both one and t wo inch sample s were 
calculated by counting f ive sel ected air f ilter s amples of each type, dosed 
with a known amount of cs137. Previously collected filter samples of lml 
activity were used to approximate geometry and self-absorption a s closely 
as possible . 
16 
17 
Samples were prepared by: 
(i) Recounting previously low activity samples to e stablish 
Model PCC-llA Proportional Counter Converte r, a product of Nucl ear 
Measur ement s Corp . , 246o N. Arlington Avenue , Indi anapoli s , I~diana . 
Model 183 Scal er, manufact ured by the Nuclear Chicago Corp . , 333 East 
Howard Ave . , Des Pla ines , I llinois . 
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background (equipment background and sample activity), 
(ii) Adding one drop of ethyl alcohol on t he filter sample to assist 
distribution of the Cs137 solution over the dust sample, and 
(iii) Adding an exact amount of Csl37 (450 ~~c) . 
Samples were then counted four times; rotated 90° in the chamber 
after each count. 
2. Sample Calculations for l-inch and 2-inch Diameter Air Samples 
Net cpm: 
actual cpm background cpm = net cpm 
Flow rate: 
0.50 ft3/min x 60 min/hr x 0.02832 m3/ft3 = 
cpm/m3 : net cpm 
0.85 m3/hr x no. hrs. sampled 
cpm/m3 x l ~~c 2 .22 dpm X 1/efficiency 
0.85 m3/hr of sampling 
= 
= 
Efficiency values were found to be 18.4% and 29. 6% for the one and 
two inch samples, respectively. 
3. Variations Exhibi ted by Data 
(i) One inch samples (3.0 ~) 
A total of 1349 one inch air samples were collected. The 
r esults of their r adiometric analyses are presented elsewhere (22 ) (23 ). 
Sample collection period and date, time elapsed before count ing and the net 
beta counting rate for each sample is shown. In general, no alpha activity 
determinations were attempted f or the one inch samples. All values expressed 
in ~~c/m3 have been corrected f or eff iciency, however, no corr ect i on has been 
supplied f or decay. 
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Of the 1349 one inch samples, almost 10 per cent (125 samples) had 
activities exceeding 25 ~~c/m3 . The majority of these (114) were in the range 
of 25 to 50 ~~c/m3 . Eight samples were in the range of 51 to 100 ~~c/m3 , and 
three samples had activities greater than 100 ~~c/m3 . The grouping of these 
samples in ranges of activity is shown in Table I. The average monthly 
values are shown in Table II. 
(ii) Two inch samples (0.45 ~): 
A total of 172 two inch air samples were collected. The 
results of their radiometric analyses are presented elsewhere (22)(23 ). By 
means of alpha-beta discrimination, both alpha and beta activities could be 
obtained simultaneously. All other operating conditions and data analysis 
procedures were performed in identical manner to the one inch samples 
previously described. 
Of the 172 two inch samples, 13 had an activity greater than 
35 ~~c/m3 . No samples were found h~ving an activity greater than 56 ~~c/m3 . 
Of these 13 samples, three were in the range from 50 to 55 ~~c/m3 . The 
grouping of these samples in ranges of activity is shown in Table I I I. The 
average monthly values are shown in Table IV. Little direct correlation was 
observed among the one and two inch samples of highest activity. 
(iii) Three channel gamma analysis 
The data from the three channel gamma analyzer, with a fourth 
channel giving total dose rate , have been previously presented in graphic 
form (22 ). In February, 1962, the sc intillation probe was modified after some 
careful studies to compensate for the temperature changes to which the probe 
was exposed on the roof of the Civil Engineering Building. 
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TABLE I 
GROUPING OF ACTIVITIES OF ONE INCH SAMPLES OF AIR PARTICULATES 
(Collected from October, 1961 to July, 1962) 
Activity (fl!J.C/m3) No. of Samples 
0 - 9 593 
10 - 19 535 
20 - 29 156 
30 - 39 39 
40 - 49 15 
50 59 l 
6o - 69 2 
70 - 79 l 
80 - 89 3 
90 - 99 l 
> 100 _3 
Total 1,349 
Note: 100 flflC/m3 = 1 x 10-lO flc/cc 
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TABLE II 
AVERAGE MONTHLY ACTrviTIES OF ONE INCH SAMPLES OF AIR PARTICuLATES 
Month No. of Samples Average Activitz 
( I-·LI·.Lc/m3) 
10/61 61 18.5 
ll/61 260 10.7 
12/ 61 244 11.2 
l/62 243 14.2 
2/62 67 16.6 
3/62 64 17.7 
4/62 29 22.9 
5/62 108 17. 3 
6/ 62 186 9.5 
7/62 87 10.1 
1;otal 1, 349 
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TABLE III 
GROUPING OF ACTIVITIES OF TWO INCH SAMPLES OF AIR PARTICULATES 
(Collected from October, 1961 to July, 1962) 
Activitl ~~~c[m3 ) No.of Sa.m;Eles 
0 - 9 38 
10 - 19 69 
20 - 29 35 
30 - 39 23 
40 - 49 4 
50 - 55 __ 3 
· Total 172 
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TABLE IV 
AVERAGE MONTHLY ACTIVITIES OF TWO INCH SAMPLES OF AIR PARTICuLATES 
Month No. of Sam;Eles Average Ac~ivit~ 
(~.q.!c/m3 ) 
10/61 2 11.4 
11/61 17 27.7 
12/61 23 16.4 
1/62 15 12.7 
2/62 16 19·7 
3/62 22 20.9 
4/62 25 24.9 
5/62 23 19.0 
6/62 21 12.5 
7/62 8 14.4 
Total 172 
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The crystal calibration was carried out by placing a cs1 37 source 
80 inches from the crystal and comparing the observed count rate to the 
actual gamma flux. The flux was determined by dividing the cross-sectional 
area of the sodium iodide crystal by the square of the distance from the 
source to the crystal and multiplying the result by the activity divided 
by 4 rr. Calibration by this method yielded an efficiency of 85% from a 
gamma flux of 0. 662 Mev photons. 
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V. SUMMARY 
1. Neutrons, electrons, and gamma radiation are three detectable 
products of cosmic radiation. 
2. Variations of the above three products may prove a reliable 
index to cosmic ray activity. 
3. Electrons (beta particles) and gamma rays are also produced from 
terrestrial sources, as are alpha particles. 
4. A three channel gamma spectrum analyzer along with the necessary 
auxiliary equipment has been designed and developed. 
5. A study of the problem of calibrating a Nai scintillator was 
made and experiments conducted to determine a method of constructing a 
detector sensitive only to those gamma photons totally absorbed by the Nai 
scintillator. 
6. The gamma analysis unit was operated full time to make measure-




1. Four types of radioactive emanations are: alpha, beta, gamma 
rays and neutrons. They are produced by terrestrial and cosmic sources. 
2. Beta particles are the predominant component of cosmic radia-
tion, while alpha particles predominate from terrestrial radiation due to 
naturally occurring radioactivity. 
3. By observing the variations of alpha, beta, gamma and neutron 
radiation levels and comparing their respective ratios, predictions as to 
the source of fluctuations might be made. 
4. The gamma analyzer operates as designed and provides a reliable 
instrument for quantizing the gamma photons into three apparent energy bands. 
5. Some problems are associated with calibrating a sodium iodide 
scintillator versus energy. For an absolute calibration, it is necessary 
to know the exact relationship between a given output pulse and the photon 
causing it. A feasible solution to this problem has been found and is 
described in this report. 
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VII. RECOMMENDATIONS 
1. The gamma analysis unit is operational. It can be mass 
produced on short notice when an inexpensive gamma background analysis unit 
is needed. 
2. The work on the neutron and beta systems should be continued 
so that a complete background monitor would be available. 
3· There exists a need for further study of the problem of absolute 
energy calibration of a sodium iodide crystal. 
4. A study of the directional characteristics of the cosmic ray 
flux is needed to accurately predict the efficiency of a specific detector 
geometry in a particular orientation when the crystal is to be used in 
measuring the background radiation flux. 
5. The present state of knowledge in the field of alpha particle 
detection and dose evaluation is sufficiently advanced in comparison with 
the measurement of other types of ionizing radiation. Thus, it is recommended 
that the major investigative effort be directed toward the analysis of the 
other components of ionizing radiation. 
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